A new technique for color reduction is presented, based on the analysis of the histograms of an image at different resolutions. Given an input image, lower resolution images are generated by using a scaling down interpolation method. Then, peaks and pits that are present in the histograms at all resolutions and dominate in the histogram of the input image at full resolution are taken into account to simplify the structure of the histogram of the image at full resolution. The so modified histogram is used to define a reduced colormap. New colors possibly created by the process are changed into the original colors closer to them.
Introduction
The human visual system is able to distinguish a large number of colors. However, it generally groups colors with similar tonality, since even a few colors are often enough for image understanding. When considering a digital image, color reduction can be used analogously to generate a transformed image, where a smaller number of distinct representative colors are used, while the visual appearance of the original image and of the transformed image is as similar as possible. The increasing number of applications, e.g., [1] [2] [3] , dealing with multimedia data where millions of distinct colors are present makes color reduction particularly useful, especially for storage and transmission purposes.
Color quantization can be seen as a clustering problem in the 3D space, where the coordinate axes are the color components and each point represents one of the colors in the image. By means of a clustering technique, points are grouped into an a priori fixed number of clusters, each of which is associated a representative color, generally obtained as the average of the points in the cluster [4] [5] [6] . The most known methods to build a colormap with an a priori fixed number of colors are the median cut algorithm [1] , which is based on the popularity method suggested by Boyle and Lippman in 1978, and the octree color quantization algorithm [7] . Other quantization methods in the literature are based on histogram analysis [8] [9] [10] , fuzzy logic [11, 12] , neural network [13, 14] and multiresolution analysis [9, 10, 15] .
In this paper, we present a color reduction algorithm, based on color distribution and on the use of multiresolution image representation. The method is a substantial modification and improvement of a method we have recently suggested, which is also in the framework of multiresolution histogram analysis [10] . With respect to our previous method, the main differences are: 1) a different strategy to obtain the multiresolution image representation, 2) the process for simplifying the structure of the histogram, 3) the introduction of an updating of the colormap (both when building lower resolution representations of the input image and when computing the reduced colormap), and 4) the ability of the method to originate automatically a transformed image with a number of colors in the range established by the user.
One of the advantages of the suggested method is the possibility to obtain different transformed images, each characterized by a different number of colors. This makes our method useful for progressive transmission, where a transformed image quantized with a small/large number of colors can be initially transmitted, and versions with larger/smaller numbers of colors can be provided, if demanded by the receiver.
The paper is organized as follows. Some preliminary notions are given in Section 2; the method is described in Section 3 and experimental results are discussed in Section 4. Concluding remarks are finally given in Section 5.
Preliminaries
We work with RGB images and interpret colors as three-dimensional vectors, with each vector element having an 8-bit dynamic range.
Given a color image I, let H be the histogram of the values in any of the color components of I. We consider as peaks and pits of H the values that are relative local maxima and relative local minima, respectively. Formally, if p-1, p and p+1 are three consecutive values in H, and height(p) denotes the height of the bin associated to p in H, i.e., the number of pixels with value p, then:
• if (height(p-1)≤height(p) and height(p+1)<height(p)) or (height(p-1)<height(p) and height(p+1)≤height(p)), p is a peak;
and height(p) ≤ height(p+1)), p is a pit.
Peaks and pits of H can be seen as vertices of a polygonal approximation of H. To simplify the structure of the histogram by retaining only the most significant vertices, we associate to each vertex v i three parameters (see Fig. 1a ):
• The above parameters, introduced in [16] in the framework of 2D object's contour analysis to define the dominance of a vertex on the basis of criteria of perceptual significance, are here used in the context of multiresolution histogram analysis (see Section 3).
Lower resolution representations of a color image I can be obtained in different manners, e.g., by means of pyramids, and can be used to simplify the structure of the full resolution histogram. In this paper, we compute lower resolution representations of I by means of a scaling down method based on nearest neighbor interpolation. The main advantage of this choice, with respect to using a Gaussian pyramid, is that any reduction factor f can be employed, instead of the reduction factor of 0.5 along each coordinate direction. Thus, lower resolution versions of I can be obtained, where resolution diminishes less abruptly along the levels. Another useful feature is that f can assume different values during the construction of the lower resolution images. In particular, a smaller f can be used to build the first lower resolution image, starting from the full resolution input image, and a larger f to build all successive lower resolution images, each of which is computed starting from the immediately previous one. The use of a larger value for f at the first scaling down step is motivated by the fact that even a rather strong compression does not dramatically alter the information contents, when done on the full resolution image. In turn, a smaller compression is advisable at the successive scaling down steps, i.e., when working with images that have already lost some information due to the resolution reduction.
The Algorithm
Our color reduction algorithm, based on the multiresolution analysis of color distribution in I, consists of two steps.
Step 1 is devoted to the following tasks: 1) construction of L lower resolution representations I k of the input image I; new colors, possibly created in the images I k , are changed to their closest colors present in I. 2) computation, for each color component of I, of the histogram H of I as well as the histograms H k for the L lower resolution images I k .
Step 2 is devoted to the multiresolution analysis of the histograms to identify values that can be grouped together and be replaced by a unique representative value in H. To this aim, the structure of H is simplified, by using information derived from H as well as from a subset of the L histograms H k . The representative values found for the histogram H of the color components are combined, to generate the reduced colormap. New colors possibly created during histogram manipulation, are replaced by the color of the original colormap to which they result to be closer.
If the number of colors of the transformed image I' is in the range desired by the user the process terminates. Otherwise, Step 2 is repeated, after the number of lower resolution images taken into account is suitably increased/decreased, until the number of colors of I' is in the desired range. During Step 1, the original colormap is computed and is stored in a 3D array, where position (x,y,z) corresponds to the color with R=x, G=y, B=z. Then, standard OpenCV libraries are used to build the lower resolution images I k via nearest neighbor interpolation. As pointed out in Section 2, different values for f can be used during scaling down. We have experimentally found, by analyzing images with different size and color distribution, that satisfactory results are obtained, in the average, by using a reduction factor f=0.5 for the first resolution reduction and f=0.8 for the successive ones. These values will be used as default values in this paper.
In general, a number of images I k could be built by repeatedly applying the scaling down process, but images I k with too small size do not adequately preserve the information contents of I. Thus, we consider only the L successive images I k whose size, expressed in number of pixels, includes at least 32 pixels for row and column. As soon as a lower resolution image I k is created, the corresponding color map is built. Colors that are present in I k , but do not exist in I, are changed to their closest colors in the original colormap, before building the successive lower resolution image. The histogram H of I and the histograms H k of the L images I k are computed. Peaks and pits are detected on all histograms. Depending on the number of histograms H k , out of the L computed, that will be used for multiresolution histogram analysis, the transformed image I' will be characterized by a different number of colors. A large number of resolution images will produce a transformed image with a small number of colors and vice versa.
Step 2 starts by examining N histograms, where it is N= L/2 +1 and is aimed at simplifying H. We look for a simplification of H, accounting for the permanence along the N histograms and the dominance in H (intended as perceptual relevance) of a vertex v i . The permanence of v i of H is checked by verifying if the value of v i actually corresponds to a vertex in each H k . The dominance of v i is evaluated with respect to geometrical parameters of the triangles associated to all the vertices. The choice of these parameters is done to take into account factors influencing human perception such as the size of the region "viewed" by a vertex (the area a i of the triangle associated to v i ) and the "cornerity" (roughly related to c i ) of the polygonal line including v i . Moreover, the distance d i is related to an often used measure of perceptual significance in the context of polygonal approximation. The dominance of a vertex is evaluated in the context of the overall shape, by referring to the average value of all areas of the triangles associated to all the vertices. The average value is a term of comparison for each area and guides the process of vertex selection by giving more evidence to the vertices having area larger than the average. The dominance of a vertex is also locally evaluated by comparing the geometrical parameters associated to each pair of consecutive vertices.
Let v 1 , v 2 ..., v n be the vertices of H and let A be the average of the areas a i of the triangles associated to the vertices v i , i=1,..,n. The following process is done to simplify H. In Fig. 1b, an histogram H is shown before and after the simplification process. Once the structure of H has been simplified, all values from a pit to the successive pit are replaced by a single representative value. Three cases are possible:
• Any v i of H that is not present in all the
• If one single peak is in between two successive pits, the representative value is the value of the peak.
• If more than one peak is in between two successive pits, the representative value is the value of the leftmost peak.
• Otherwise, the representative value is the value of the leftmost pit.
After combining the representative values of the color components the representative colors are obtained. These may not be included in the original colormap. To limit the presence of false colors, each representative color that is not found in the original colormap is replaced by the closest color in the original colormap. Selecting N=L/2 + 1 histograms to identify the significant peaks and pits of H is in some cases already adequate to produce a transformed image I' with colors in the range desired by the user. Otherwise, Step 2 is automatically repeated by analyzing either N+1 or N-1 histograms. In fact, let C1 and C2 be the minimum and maximum number of colors desired by the user and let RC 1 be the number of resulting representative colors, as obtained when Step 2 is accomplished for the first time, i.e., by analyzing L/2 + 1 histograms. If it results C1≤RC 1 ≤C2, the obtained image I' is the final transformed image. If RC 1 <C1 (RC 1 >C2) , N'=N-1 (N'=N+1) histograms are considered so originating a different simplification of H and, as a consequence, producing a new transformed image with a larger (smaller) number of colors.
Step 2 is repeated as many times as necessary to obtain a transformed image I' with colors in the desired range.
Fig. 2. A set of test images

Experimental Results
We have applied the color reduction algorithm to a collection of images with different size and color distribution, taken from available databases, e.g., [17] [18] [19] . A small dataset including six 512×480 images, six 512×512 images, and six 768×512 images is given in Fig. 2 . This dataset is used to show the performance of our method in terms of the obtained number of representative colors, accounting for the degree of color compression, and the compression ratio, computed as the ratio between the size of the output stream and the input stream expressed in bit per pixel [20] . Table 1 summarizes the quantitative measures for the images in the dataset, after one application of Step 2, where L/2 + 1 histograms are analyzed to simplify H. The number of colors in I and in I' are denoted by OC and RC 1 , respectively. CR 1 denotes the compression ratio of I'.
If the user desires a transformed image with a number of colors ranging, say, between C1 and C2 different colors, for some images in the dataset, the condition C1≤RC 1 ≤C2 is not satisfied in one application of Step 2. These images are automatically processed again by using N+1 or N-1 histograms. In particular, N+1 histograms are considered if RC 1 >C2, since by increasing the number of resolution levels taken into account the number of colors in the reduced colormap decreases. In turn, N-1 histograms are analyzed if RC 1 <C1. If the condition C1≤RC 2 ≤C2 is still not satisfied after
Step 2 is applied twice, multiresolution histogram analysis is repeated after furthermore increasing/decreasing the number of histograms. The process terminates as soon as with the current value N' of histograms, for the transformed image it is C1≤RC F ≤C2. Table 1 summarizes also the final results for the images in the data set, in correspondence with C1=256 and C2=512. The last column of the table denotes how many other histograms more (positive value) or how many histogram less (negative values) have to be used with respect to the starting L/2 + 1 histograms to satisfy the requirements of the user (and, hence, how many repetitions of Step 2 are necessary).
At most three repetitions of Step 2 have been necessary in order the number of colors of the transformed image is in the selected range. This has been necessary, for example, for the images "airplane" and "kodim22", for which the number of histograms leading to 263 and 265 colors respectively is diminished by 3 with respect to the initially selected number. The average compression ratio for the 18 images in the dataset is equal to 0.517, i.e., color information occupies after compression in the average 48,3% of its original size. 
Concluding Remarks
A color reduction algorithm has been introduced that generates a transformed image with a smaller number of colors but still maintaining the visual aspect of the input image satisfactorily. The algorithm is based on the analysis of the histograms at different resolutions of the input image, obtained by using a scaling down method based on nearest neighbor interpolation. Only peaks and pits present at all resolutions and dominating in the full resolution histogram are considered to identify the representative values defining the reduced colormap. Colors of the reduced colormap that are not present in the original colormap are changed into the closest colors in the original colormap.
The algorithm has a limited computational complexity and is not time consuming. It does not require pre-quantization and generates a transformed image with a number of colors in an a priori fixed range. It has been implemented on a Pentium 4 (3.39 GHz, 2 GB RAM) personal computer and has been applied to a large set of images, producing satisfactory results in terms of compression ratio.
Since different transformed images are obtained depending on the number of analyzed histograms, the method can be used for progressive transmission, where an image characterized by strong color reduction, i.e., quantized by using a large number of histograms, can be initially transmitted and better versions can be provided if demanded by the receiver.
